A brief review is presented on our recent theoretical studies on the quasimonoenergetic electron and proton beam generation by intense laser pulses. For the electron beam generation from laser wakefields, the mechanisms of electron injection by a laser pulse in the colliding geometry are investigated. It shows that there exist two mechanisms, which are called collective injection and stochastic injection. The number of injection electrons is studied as a function of the injection pulse intensity, pulse duration, as well as laser polarization. The injection by a transverse intersecting laser pulse is also investigated, which appears relatively easy for experimental setup. The required laser parameters are comparable to the colliding geometry. The proton acceleration by collisionless electrostatic shock waves is investigated and shock wave propagation through the interface of two targets with different ion species is simulated. It is found that ions with a relatively large charge-to-mass ratio can be accelerated successively in two counter-propagating shocks when they are overtaken by shock fronts until their energy is larger than the scalar potential of the shock waves. A scheme of ion acceleration in the new parameter regime called phase stable acceleration is proposed with the use of circularly-polarized laser pulses irradiating on very thin solid targets, which would enable one to obtain quasi-monoenergetic proton beams of multi-100MeV with 100TW-class lasers.
INTRODUCTION
In recent years, with the rapid development of the high power laser technology, electron and ion acceleration by use of high intensity laser based laser-plasma interaction has received extensive attention. This has been attributed to the extremely large accelerating gradients that the plasma can sustain [1] . As a result, energetic particle beams can be produced in a compact way, which then reduces their cost correspondingly. Significantly progresses have been made over the last two decades since the invention of CPA lasers.
In the study of electron acceleration a new regime of laser wakefield acceleration was discovered [2, 3] , observations of quasi-monoenergetic electron beams with small angular divergence were demonstrated in 2004 [4] . More similar experimental observations were reported subsequently and electron acceleration up to 1GeV was demonstrated recently [5] . However, there are also still a few concerns over the laser wakefield acceleration. One of them is the shot-to-shot fluctuations in the electron energy spectra observed in these experiments. This has been attributed to the electron injection process, which is believed to be caused by the plasma wavebreaking, an injection process that cannot be controlled. A few schemes have been proposed by means of additional laser pulses with a suitable delay with the pump pulse of the wakefields [6] [7] [8] [9] [10] [11] [12] [13] . Recently, electron injection by a laser pulse colliding with the pump pulse has studied theoretically [14] [15] [16] and experimentally [17] . The experiment demonstrates that the electron bunches are produced stably with quasi-monoenergtic spectraand ultrashort pulse duration. The injection is supposed to be produced by the ponderomotive force of the beat wave of the two pulses. We have re-investigated the problem of electron injection by additional laser pulses. The purpose is twofold, firstly to understand the physical mechanism, and secondly to find suitable parameter regime of the injection pulse to increase the number of trapped electrons.
On the other hand, motivated by the wide potential applications of the ion beams in proton radiography, proton therapy, radioisotope production, ion beam-driven fusion etc., ion acceleration by intense laser has received increasing attention [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . For laser-solid interactions, roughly when the laser intensity is relatively low such as below 10 19 W/cm 2 , ions are dominantly accelerated by the sheath fields generated near the target surfaces due to charge separation [22] . However, ion acceleration by the sheath fields has been restricted by the short acceleration distance though the field strength can be as large as 100TV/m. Therefore it is still very hard to obtain energetic protons with energy larger than 100MeV by this scheme. Another aspect is that the ions accelerated by this mechanism show thermal energy spectra, which is not favorable for most applications. New ideas have been proposed recently to overcome these limitations. When the intensity is high over 10 23 W/cm 2 , a mechanism called the laser-piston acceleration occurs [30] , where the radiation pressure is dominant and the laser energy is transferred efficiently into fast ions, resulting GeV energetic proton beams. When the target thickness is as thin as a few time of the skin depth and the laser intensity is highly relativistic such as 10 21 W/cm 2 , a new regime called breakout afterburner is found [31, 32] , which produces sub GeV energetic proton beams. When the laser intensity is highly relativistic and the target is thick, another kind of ion acceleration mechanism appears, in which a collisionless electrostatic shock (CES) is generated in the target and the ions in front of CES can be trapped and get accelerated [33, 34] . Shock acceleration deserves to receive more attention since the energy spectrum of the accelerated ions by this mechanism is ideally quasi-monoenergetic, which is favorable for all kinds of applications. CES can also be produced with laser parameters currently available. Recently, we have investigated the proton acceleration by CES. In particular, it is found that protons can be accelerated successively by two colliding CES's, which are produced by two laser pulses irradiating from both sides of a solid target. Moreover, a new scheme of proton acceleration by circularly-polarized intense laser pulses is proposed, which is called phase stable acceleration (PSA). As compared with the radiation-pressure dominant acceleration mechanisms mentioned above, the PSA can work at moderate laser intensity and still it has the potential to produce multi-100MeV quasi-monoenergetic proton beams.
LASER INJECTION OF ELECTRONS INTO LASER WAKEFIELDS

Mechanism of Electron Injection into Laser Wakefields
To understand the mechanism of electron injection into laser wakefields by a colliding injection laser pulse, we have conducted series of PIC simulation. In our simulation, the pump pulse driving a high-amplitude wakefield propagates from left to right with peak amplitude a 10 and the injection pulse propagates from right to left with peak amplitude a 20 and with the same frequency as the pump pulse ω 0 =2π/τ 0 . Figure 1 shows snapshots of the electron momenta. During the overlapping stage, some electrons are accelerated by the ponderomotive force of the beat wave of the two pulses [35] a a as usually adopted in the experiments. Since the ponderomotive force changes sign within half a laser wavelength, it can only change electron momenta by 2 1 / 2 10 20 10 ( 1 /2) p a a a Δ + . This leads to the collective injection of electrons into the laser wakefield as investigated previously [14, 15] . , and (c), the two pulses start to overlap at t=300τ 0 . The pump pulse has a peak amplitude a 10 =2.0 and pulse duration T 1 =20τ 0 , and the injection pulse has a 20 =0.1 and T 2 =40τ 0 . The initial electron density is n 0 =0.002n c . For (d) the snapshots is shown at t=950τ 0 and 1000τ 0 , where the two pulses start to overlap at t=750τ 0, the two pulses are with a 10 =2.0, T 1 =90τ 0 , a 20 =0.1, and T 2 =100τ 0 , and the initial electron density is n 0 =0.0001n c .
On the other hand, if taking into account the full force experienced by electrons in the beat wave, electrons can be accelerated stochastically provided the laser amplitudes exceed some threshold amplitudes [36] . As a result, the electron momenta are changed by 2 1 / 2 10 20 10
where T LOT is the local overlapping time of the two pulses. The maximum overlapping time is min(T 1 , T 2 ), where T 1 and T 2 are respectively the lengths of the two pulses. Electrons accelerated by this mechanism can obtain kinetic energy larger than the ponderomotive potential level as indicated in Figs. 1(a) and 1(b). This leads to additional injection, which is called as the stochastic injection [37] . It is obvious that this stochastic acceleration of electrons can also result in injection of electrons into the laser wakefields. The two different injection mechanisms can be distinguished from each other in the phase space. As shown in Fig.  1 (c) or 1(d), there appear two groups of injected electrons, the one with a continuous structure is caused by the collective injection and another with a scattered distribution of electrons is caused by stochastic injection. Note that the collective injection electrons are located behind the stochastic injection electrons in space, which implies that they are trapped firstly.
Effects of Laser Parameters on Trapped Electron Numbers
Another key issue is the number of trapped electrons in the colliding injection scheme. For given pump pulse, it is obvious that both the injection pulse amplitude a 20 and its length T 2 have important effect on this aspect. For simplicity, one can divide the problem into three cases according to the magnitude a 20 [38] . In case I, a 20 is very small (usually < 0.1) that it almost does not have obvious effect on the laser wakefield excitation. In this case, the injection electron number (N) increases with T 2 , and one has roughly 10 20 2 N a a T ∝ . In case II, a 20 is moderate and can slightly destruct the wakefield of the pump pulse after overlapping. In this case, only pre-accelerated electrons that stand close enough to the just recovered wakefield can be injected. This means that only part of the pre-accelerated electrons can be injected and trapped. As shown in Figs. 2(a)-2(d), the destruction of wakefields begins at the same position and ends where the two pulses separate, i.e., the destruction area increases with the injection pulse duration. Therefore, there is a limit of the injection pulse duration beyond which the injected electron number is saturated, and one has roughly 10 20 p N a a λ ∝ , where λ p is the plasma wavelength. In case III, with the further increase of a 20 , the wakefield of the injection pulse becomes strong enough to affect the recovery process of the wakefield excited by the pump pulse, which consequently has significant impact on the electron injection. As a result, electron injection in this parameter regime has some uncertainty and is not favorable for experiments.
To check the maximum trapped number for these different cases, we take an injection pulse length of a few times of the plasma wavelength, and change the injection pulse amplitude. Figure 2 (e) illustrates that there are two peaks corresponding to Cases I and II. This suggests that, when the pump pulse is moderately intense (e.g., 1<a 10 <1.5), it falls in the regime of case II and one can take the critical injection pulse duration for the saturation number of injected electrons. When the pump pulse is very intense (e.g., a 10 >1.5), it falls in the regime of case I and one can obtain more injected electrons by using relatively long injection pulses. In previous studies, both laser pulses are linearly polarized. We have investigated the case when both pulses are circularly-polarized [39] . The impact of the frequency difference on electron injection has been considered. In the case when both pulses are right-circularly-polarized or left-circularly-polarized, their electric field components actually rotate in opposite directions since they counterpropagate. However, when one is right-circularly-polarized and another is left-circularly-polarized, their electric field components rotate in the same direction. This results in significant difference of electron injection. We analyze the electron injection process by the Hamiltonian approach, assuming that the injection pulse is weak enough as not to affect the wakefield excited by the pump pulse. When the rotating directions of the two pulses are opposite, the beating of the fields is always oscillating that time-averaged ponderomotive force vanishes. The momenta the electrons gain during the overlapping do not change much from that without the injection pulse. Therefore electron injection t/τ 0 (e) almost does not appear, as shown in Fig. 3 . However, when the rotating directions are the same, the beating of the two fields produces net electron accelerations, i.e, the time-averaged ponderomotive force is nonzero. Electron injection can take place. In this case, efficient injection can be found even if the injection pulse has a frequency much different from the pump pulse.
Injection by a Transverse Intersecting Laser Pulse
For the colliding injection geometry discussed above, on the one hand, it is hard for experimental setup. On the other hand, to achieve energetic electron beams, plasmas should be long enough and the injection pulse has to propagate a distance usually longer than a few Rayleigh lengths before the two pulses can meet. This is unfavorable for the weak injection pulse, which will experience defocusing during its propagation. In order to solve the problem, we propose to adopt the transverse injection geometry with the injection and pump pulses polarized in the same direction perpendicular to the plane formed by the two pulses [40] . Then they can meet after a short distance of propagation while the acceleration distance of electron beams can still be long enough. The electron injection and acceleration processes are the same as the colliding pulse injection scheme and consequently exhibit well controllability and stability. Compared with the transverse optical injection scheme by the ponderomotive force [6] , one can take a relatively weak injection pulse such as a 20 =0.1 when the two pulses are polarized along the same direction [10, 11] . 4. Snapshots of longitudinal distributions of electron momenta p x (dots) and electric fields E x (lines) of the wakefields (at y=0) when the two pulses meet at t=60τ 0 (a) and at t=360τ 0 (b), where the peak amplitudes of the two pulses are a 10 =1.5 and a 20 =0.1, respectively, their durations are T 10 =T 20 =20τ 0 , the initial plasma density is n 0 =0.002n c . The injection pulse is located at the longitudinal position x=75λ 0 and propagates transversely. The cases with or without the injection pulse are distinguished by red and blue colors. Efficient injection is found only when the injection pulse is present. A third pulse propagates behind the pump pulse with certain time delay to eliminate the wakefields of the pump pulse, avoiding self-injection in the following accelerating buckets. Figure 4 shows snapshots of the distributions of longitudinal electron momenta and corresponding wakefields. Without the injection pulse no electron injected in the first bucket is observed from Fig. 4(b) . When an injection pulse is incident, some preaccelerated electrons produced during the overlapping stage of the two pulses are injected into the first accelerating bucket and get accelerated further.
We change the injection pulse amplitude and obtain the trapped electron beam parameters as a function of a 20 , as shown in Fig. 5(a) . When a 20 varies from 0.04 to 1.2, the trapped charge grows continuously. The charge goes down gradually for a 20 >1.2 because a strong injection pulse can destruct the wakefield of the pump pulse. Besides, it shows that the average energy reduces with the growing injected charge owing to the "beam-loading" effect. The energy spread first increases with the growing charge at 0.1<a 20 <0.3, but it then decreases at 0.3<a 20 <0.8. The former should be caused by the increased phase space volume of the injected electrons. In the latter case, the beam-loading effect can decrease the average energy of electron beams, which makes the latest injected electrons much easier to approach the average energy, which reduces the energy spread. Figure 5 (b) displays electron beam parameters as a function of the pump pulse amplitude a 10 . It suggests that it is most favorable for a 10 ≥1.5 in order to obtain high quality electron beams. We also discuss the impact of the meeting time of the two pulses. The peaks of the two pulses encounter on the axis for x 02 =x 01 . Figure 5 (c) shows that a modest delay of the injection pulse (x 02 -x 01~ -3λ 0 ) is favorable for the increase of the charge and quality. The similar effect can be found by increasing the injection pulse duration, which is observed from Fig. 5(d) . The results presented suggest that the laser parameters used in colliding injection geometry also applies in the transverse injection geometry. 
GENERATION OF QUASI-MONOENERGETIC PROTONS WITH THIN SOLID TARGETS Acceleration by Collisionless Electrostatic Shock Waves
A collisionless shock wave (CES) is a moving double layer structure with the speed of a few times of the ion acoustic wave. Some ions with a relatively high speed can be trapped by the CES electric fields, and are accelerated to twice of the shock speed or 2 s v , where s v is the shock speed. As a result, ions accelerated by CES present a quasi-monoenergetic spectrum [41] . For this problem, the generation condition for CES's is an important issue. It is obvious that the shock generation depends significantly upon the target parameters such as the density, ion mass, thickness, preplasma, as well as the laser intensity. Simulation results suggest that the CES's can be generated in a wide range of target and laser parameters, even the intensity of the laser pulse is 10 18 W/cm 2 [42] . This makes it possible for the experimental demonstration of shock acceleration with moderately-intense lasers. In experiments to distinguish the shock acceleration from the sheath-field acceleration, we propose to use a sandwich target such as in Fig. 6(a) . Since there is no sheath-field established around the middle layer, the unique ion species in the central layer cannot move to the rear side of the sandwich targets unless they are accelerated by the shock wave. Of course, the thickness of the outer layers must be carefully selected to make sure that the sheath field does not expand to the middle layer. For this purpose we investigate the shock propagation through the inner interface of a sandwich target. It is found that the charge-to-mass ratios R for ions near the interface between the front and middle layers is an issue that deserves special attention. Figures 6(b)-6(d) show the shock can propagate through the interface. They show that the shock will be destroyed if the difference of charge-to-mass ratios R of the ions is too large between two ion species in the neighboring targets. They may evolve into a solitary wave as propagating through the inner interface of two layers. To avoid this disadvantage, we suggest using a doped target such as in Fig. 7(a) , in which the middle layer is adulterated into many light ions. Our simulations show when the ions with high R are adulterated into the center region of a target which is composed of ions mostly with low R, shock waves formed at the front layer can propagate smoothly though the interface. Then ion species with high R such as protons can be trapped and accelerated by the shocks. The ions with high R can even bounce between two shock fronts if one uses two laser pulses to irradiate the target from the front and rear surfaces, as shown in Figs. 7(a) and 7(b) . The final velocities of the light ions (high R) are related to the bounce times and are determined by the scalar potentials of the CES's and their speeds. Note that the scalar potentials of the CES's and their speeds are also related with each other. 
Phase Stable Acceleration by Circularly-Polarized Laser Pulses
For collisionless shock wave acceleration of protons, though their energy spectrum is quasi-monoenergetic, their maximum energy is limited to about 2 2 i s m v , typically a few MeV. In addition, it is limited by the Coulomb potential of the shock wave front. To overcome this limitation, we propose a new scheme called phase-stable acceleration of protons is proposed [44, 45] , which allows the protons to be accelerated to higher energy. One of the key points is that one adopts circularly-polarized laser pulses. Therefore electron heating is significantly suppressed. Actually the ion acceleration by use of circularly polarized intense light was considered before by Shen and Meyer-ter-Vehn [28] and Macchi et al. [29] under different conditions. Another key point is that the target must be thin enough. If a thick target is used, the maximum velocity is only limited to 2 a v , somehow similar to shock wave acceleration, where
v c Z A m m n n a = according to Ref. [29] . The accelerated ions show a broad energy spectrum. However, when the initial target density n 0 and thickness d satisfy 0 0 0 ( / )( / )c n n d a λ , the electrons in the whole thin target are compressed into a small region close to the skin depth, and then a quasi-equilibrium for electrons is established between the light pressure and the electrostatic field built up at the interacting front of the laser pulse, as shown in Fig. 8(a) . The ions located within the whole compressed area between d and d+l s can be synchronously accelerated and bunched in the push and pull processes by the established electrostatic field, and thereby quasi-monoenergetic and high intensity proton beam can be generated.
FIGURE 8.
(a) Schematic of the equilibrium density profiles of the ion n i0 and the electron n p0 . The laser pulse propagates along the x-direction, and the x position at x=d indicates the electron front, where laser evanescence starts and it vanishes at x=d+ l s , where l s is the plasma skin depth; Plots (b) and (c) show the phase space distribution and energy spectrum of protons, respectively, found after an acceleration time of 200 laser cycles with the laser pulse at a normalized laser peak amplitude a 0 =5 and duration 100τ 0 and the plasma slab with the initial density n p0 /n c =10 and thickness L=0.2λ 0 .
Particularly, because the target is ultra-thin, as soon as ions in the compressed area get the first push, afterwards the laser front will be interacting with accelerated ions instead of fresh ions that are not accelerated, which is different from the case with thick targets. In the latter case the laser front is always interacting with fresh ions, leading to hole boring. x/λ p x obtained from 1D PIC simulation, showing the longitudinal momentum phase space and energy spectrum. The output proton beam reaches the energy about 375MeV, which also depends upon the laser pulse duration. Moreover, the proton beam has an awfully lower FWHM energy spread (less than 4%) and a high ion density. We have developed an analytical theory [44, 45] , which agrees well with the numerical simulation. The energy conversion efficiency to protons is quite high typically over 50%. Similar ideas also have been suggested recently [46, 47] . In multi-dimensional geometry, however, the acceleration efficiency can be largely reduced and the energy spectrum will broaden significantly because of the finite transverse laser beam diameter. The latter tends to make hole-boring around the beam center, which produces strong electron heating and prevents homogeneous acceleration of ions. In order to abate this multi-dimensional effect, one can use superGaussian laser pulses with a large spot size or even combine laser pulses with superHermite and Gaussian modes to improve the ion acceleration and transverse collimation. This has been testified by numerical simulation [48, 49] . It is also recently found that the Weibel-type instabilities with the laser-irradiated thin foil can develop at the beginning. Later a plasma clump close to the laser propagation axis is formed in self-organized way, which is accelerated efficiently by surrounding laser fields. In this way, the PSA can work effectively in multi-dimensional geometry [50] .
SUMMARY
For the electron injection into laser wakefields by an injection pulse, it shows that both the colliding injection geometry and the transverse injection geometry can work in a similar parameter regime. The transverse injection may allow for simplicity for experimental setup and a short propagation distance of the injection pulse in case when the required longitudinal acceleration length is long.
For the proton/ion acceleration by high intensity laser pulses, it shows that with the generation of moving double layers such as collisionless electrostatic shock waves with a thick target and most interestingly a moving structure pushed by the ponderomotive force of a circularly-polarized light onto a very thin target, quasimonoenergetic protons/ion beams can be produced in the PSA regime. However, one still needs to find suitable ways to mitigate the multi-dimensional effects in future experiment design.
